In this paper, the analytical model developed by Riad [1] has been modified herein to describe the penetration of a high-speed rod into a ceramic tile backed by a thick metallic plate. The present model identifies three main phases for the target penetration; these are: (i) ceramic fragmentation, (ii) penetration into fragmented ceramic, and (iii) penetration into thick back plate. Phase (i) consists of a single stage, whereas each of the other two phases consists mainly of two penetration stages. Two modes are considered to be associated with the rod and thick back plate during penetration process; these are erosion and rigidity. The main equations representing each penetration stage are introduced. The current penetration stage is ascertained according to the relative velocity between the rod mass and mass of ceramic or thick back plate in contact with the rod front. Moreover, the present model is adapted to describe the penetration of such a rod into thick back plate only by setting the thickness of ceramic tile equal to zero.
INTRODUCTION
Research on ceramic materials for armor applications has been performed for over 30 years. The extensive work of Wilkins [3] has been considered as the most comprehensive study in this field. His experimental configuration consisted of bonding a relatively thin ceramic tile to a backup plate and shooting a 7.62 mm armor-piercing projectile at each target. The backing plates were either metals or fiber-reinforced resins. The efficiency of tested ceramic tile was determined in terms of the ballistic limit velocity, defined as the impact velocity at which half of the projectiles do not penetrate the target.
Rosenberg and Yeshurun [4] suggested a recent technique for the determination of the ballistic efficiency of ceramics against armor-piercing projectiles. This technique was based on supporting the ceramic tile with a very thick metal and measuring the penetration depth of projectile into this backing. Their experimental program showed that the ballistic efficiencies of the different ceramic tiles increased with their normalized effective compressive strength; this strength was defined as the average of static and dynamic compressive strengths divided by the density of the ceramic. Woodward et al. [5) deduced similar results to those obtained by Rosenberg and Yeshurun for soft ceramics; however, the ballistic efficiencies of hard ceramics were found to be unrelated to their compressive strengths. They argued that the hard ceramics were used to break the projectile noses and create inefficient penetrators that resulted in similar residual penetration depths in metallic backing.
Rosenberg and Tsaliah [6] studied the application of Tate's model for the interaction of long rods with ceramic targets. They conducted an experimental program to determine the strength factors of different thick ceramic tiles. Moreover, They performed a series of tests by impacting long rods of different materials into thin tiles of ceramic materials bonded to thick steel plates. They compared their experimental measurements with the predictions of Tate's model using the values of strength factors determined by their thick tile experiments; good agreement was obtained. Finally, they recommended the use of Tate's model for rod-ceramic combination considering the ratio of ceramic strength factor to its Hugoniot elastic limit about 1.
Woodward [7] modeled the projectile penetration into a ceramic tile backed by thin and thick metallic plates, respectively. He used the momentum conservation principle to derive the main equations representing the model. He fitted the experimental data of Wilkins [3] to the predicted results of his model to determine the flow stress of AD85 ceramic. He recommended that: (i) the flow stress of ceramic be represented by its hardness divided by a factor; this factor varies from 1 to 2.9, and (ii) the flow stress of ceramic increase with its thickness.
Orphal and Franzen [8] performed a series of experiments to measure the penetration of long tungsten rods into confined silicon carbide ceramic targets. They used penetrators having an aspect ratio of 30, their impact velocities ranged from 1.5 to 4.6 km/s. Each target was a simple cylinder of silicon carbide ceramic with a thickness such that it would effectively be semi-infinite in depth. The penetrator/target interaction during the penetration event was photographed using X rays. They determined the time histories of the penetration depth and penetrator remaining length, respectively. They concluded that: (i) the obtained results were confirmed with those of the hydrodynamic penetration theory, (ii) the target strength term of Tate's model could be determined for silicon carbide ceramic using the obtained experimental data, and (iii) the ballistic efficiency of such a ceramic decreased with increasing the impact velocity. Similar results were obtained by Orphal et al. [9] who performed a series of experiments to measure the penetration of the same rods into boron carbide ceramic targets. They also found that the ballistic efficiency of boron carbide ceramic was greater than that of aluminum nitride and silicon carbide ceramics, respectively, over the impact velocity range used.
An extensive experimental study was conducted by Rosenberg et al. [10] to quantify the ballistic efficiency of confined AD85 alumina tiles. Their experiments included scaled long rods made of tungsten alloy, with aspect ratios of 10 and 12.5 and diameters of 5 and 5.8 mm, respectively. Impact velocities of rods ranged from 1.25 to 3 km/s and tile thicknesses were varied between 10 and 80 mm. Each tile was glued to thick hard steel backing, in which the residual penetration depth was measured. They found that: (i) the ratio of penetration depth into steel backing divided by ceramic thickness was constant for the used range of tile thickness and impact velocity, and (ii) this ratio was 1.7 compared with the strong steel backing and was probably much closer to 2, if compared with the standard RHA steel.
Reaugh et al. [2] determined the ballistic efficiency of five ceramic materials when thick steel plates backed them. Their tested ceramics were alumina, silicon carbide, boron carbide, aluminum nitride and titanium diboride. They used tungsten alloy rods with a diameter of 6.35 mm and an aspect ratio of 4; these were fired at velocities ranging from 1.35 to 2.65 km/s. They determined the minimum areal density of each ceramic material needed to keep the rod from penetrating the backup steel. They deduced that: (i) the ballistic efficiency of each tested ceramic material increased approximately linear with impact velocity, and (ii) the rate of increase in efficiency was lower for aluminum nitride than the other tested ceramics.
In the following, an analytical model has been presented to describe the penetration of a highspeed rod into a ceramic tile backed by a thick metallic plate. Two modes are considered to be associated with the rod and thick metallic plate during penetration process; these are erosion and rigidity. In addition, the penetration process in ceramic/metal target is considered to consist of three main phases. The main features associated with the target penetration are identified (ceramic erosion, ceramic conoid formation, erosion and penetration of metallic backing). The main equations representing the different penetration stages are presented and compiled into a computer program. The input data to the computer program are easily determined. The present model is also capable of describing the rod penetration process into a thick metallic plate.
For the penetration of a thick metallic plate, the essential dependence of its flow stress on deformation rate is considered. For ceramic/metal target, comparison of the predicted results with the corresponding experimental results of other investigators leads to the determination of the global value of ceramic flow stress. Representative samples for the influence of ceramic strengths, thicknesses and rod impact velocity on their ballistic efficiencies are presented and discussed.
ANALYTICAL MODEL
In this model, the projectile is idealized as a cylindrical rod of initial length L,, and initial diameter D". Similar to the one-dimensional models developed by Tate [11, 12] and Alekseevskii [13] , the rod material is assumed to behave as rigid-perfectly plastic with respect to its nominal stressengineering strain relationship. Therefore, the present model identifies two modes associated with the penetrating rod through the target; these modes are erosion and rigidity. The rod is assumed to strike the target normally with a high-speed velocity. For oblique impact, the rod path through each target element is assumed to represent the thickness of this element.
The present model considers the target to consist of a ceramic tile of thickness Ho, backed by a thick metallic plate. As mentioned before, the model divides the penetration process of such a target into three main phases; these are: (i) ceramic fragmentation, (ii) penetration of fragmented ceramic, and (iii) penetration of thick metallic plate. The phase (i) consists of one stage, whereas each of the other two phases consists of two penetration stages. The material of thick metallic plate is assumed to behave similarly to the rod material for the nominal stressengineering strain relationship.
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ASAT Conference, 13-15 May 2003 Paper The present model is based on equating the pressure at the rod-target interface. The main equations representing each penetration stage are introduced. The sequence of penetration stages depends on the relative velocities between mass of rod rigid part and mass of the remaining fragmented ceramic or mass of thick metallic plate in contact with the rod front. The different sequences of penetration stages that represent the complete penetration process of a rod into a ceramic tile backed by a thick metallic plate are shown in Fig. 1 .
For each penetration stage, a system of first order dependent differential equations has been presented. The penetration time is taken as the independent variable and the system is solved numerically. The end conditions of the current stage are considered as the initial conditions for the subsequent stage. The system solution gives the velocity of rod rigid part, the penetration velocity, the rod penetration depth and the interface pressure as functions of time. The penetration process terminates when the rod stops inside the target, i.e. it attains zero velocity.
In the following, the physical concepts considered and the main assumptions adapted for modeling the rod penetration into a ceramic tile backed by a thick metallic plate are presented.
The main equations representing each penetration stage are listed in Table 1 .
Physical Concepts and Main Assumptions
Physical concepts and assumptions introduced in Ref. [1] for the ceramic fragmentation phase (cf. Fig. 2a ) are considered. Main assumptions for the penetration of fragmented ceramic phase (cf. Fig. 2b and 2c) presented in Ref. [1] are also considered in addition to:
• The eroded zone of the rod and ceramic ahead of the rod is assumed to have the current penetration velocity U, whereas the remaining ceramic and the thick metallic backing are assumed to be stationary.
The main assumptions considered for the Penetration of thick back plate phase (cf. Fig 2d) are:
• The remaining rod alone penetrates the thick metallic plate. The rod mode may be changed from erosion to rigid.
• The surface of thick metallic plate ahead of the rod is subjected to erosion and forms a crater. The mass of plate material around the crater is assumed to be stationary.
• The erosion process of back plate surface continues until the rod penetration velocity vanishes, i.e. when the rod stops inside the thick metallic plate.
The main equations representing the different phases of the present model are compiled into a computer program. This program can be adopted to describe and predict the parameters associated with the rod penetration into a ceramic/metal target or a thick metallic plate. For a ceramic/metal target, the predicted residual penetration depth into a thick metallic backing evaluates the ballistic efficiency of a ceramic, and weight saving compared with the rod penetration depth into thick metallic plate only. Moreover, the present model is capable of predicting the limit ballistic efficiency of each ceramic type, The relative difference for any parameter represents the ratio of absolute difference between predicted and measured values of such a parameter divided by its measured value in percent.
RESULTS AND DISCUSSIONS
In the following, results of the present model are classified into: (i) model validation, and (ii) predictions. These predictions are concerned with the determination of ballistic efficiencies of different ceramic materials based on the predicted residual penetration depth into a thick steel backing. Moreover, the influence of ceramic strength, thickness and rod impact velocity on its ballistic efficiency and weight saving is presented and discussed. 
III-Phase (i): Ceramic fragmentation:
Pressure at rod-ceramic interface, P, (141
Y00: flow stress of intact ceramic, pp: density of ceramic material.
* Current penetration velocity U as a function of velocity of rod rigid part V:
(1-p) where = c (5)a P P and * End condition:
crack co Screck: distance traveled by the crack front through ceramic thickness, Hc.: initial thickness of ceramic tile, V",,ck: velocity of crack propagation through ceramic tile which is equal to onefifth the value of longitudinal velocity of stress wave through ceramic material [15] , t: penetration time.
IV-Phase II: Penetration into fragmented ceramic:
Stage (1): Penetration of eroding rod into fragmented ceramic, (V>U>0, and Z<I-100):
• Pressure at rod-ceramic interface, P, [14] :
Yc: flow stress of fragmented ceramic.
• Current flow stress of fragmented ceramic given by:
Vsi: velocity of rod rigid part when ceramic fragmentation phase terminates.
* Current penetration velocity U as a function of velocity of rod rigid part V: • Pressure at rod-ceramic interface, P, [14] P =Y =Y + p v2 , 
Ys: flow stress of back plate material, pc: density of back plate material.
Stage (2): Rigid rod penetration into thick back plate, (V=U>0): * Pressure at rod-back plate interface, P,
* Deceleration of rigid rod during penetration:
Finally, after determining the final depth of penetration into ceramic/thick back plate target, the following are determined: -The ballistic efficiency of a ceramic, E", E = p,(Z, -Z"0 m 7
P0Hco
ps1: density of reference steel, Zs,: depth of rod penetration in reference steel target, Zr",: residual penetration depth into thick plate that backs the ceramic tile.
-The limit ballistic efficiency of a ceramic tile, ri", :
Hp0. : ceramic thickness at which no penetration in thick back plate occurs.
-The percent in weight saving due to the use of ceramic tile in front of thick steel plate, W: 
(i) Model Validation * For the penetration of a thick steel target by a tungsten alloy rod
The present model is validated by comparing its predicted penetration depths with the corresponding experimental measurements of Reaugh et al. [2] due to the impact of a tungsten alloy rod with different velocities into a 4340 thick steel target. The input data to the computer program for the materials of rod and steel target, respectively, are listed in Table 2 . The dynamic yield strength of rod and thick steel target materials, respectively, are determined as function of their Brinell hardness number [16] . The flow stress of rod material, Yb,, is equal to its dynamic yield strength multiplied by a factor of 1.7. However, the flow stress of thick steel target is taken to be dependent on the rate of its deformation [17] . Therefore, the target flow stress, Ys, is represented by:
where C, = a + bV,,
G is target flow stress multiplier which is a function of impact velocity, cr? is the dynamic yield strength of target material, a, b are coefficients, and VI is the rod impact velocity.
At each impact velocity, the matching between the predicted depth of penetration and the corresponding experimental measurement of Reaugh et al. serves to predict the value of the multiplier G. By fitting Eqn. (25) with the values of predicted multipliers, the values of the coefficients a, arid b are 4.487 and -14E-4, respectively. Table 3 lists the values of measured penetration depth of Ref. [2] and the corresponding predicted depth at each impact velocity.
* For the penetration of a ceramic/metal target by a tungsten alloy rod The present model is also validated by comparing its predicted penetration depths, due to the normal and oblique impact of a set of ceramic/steel targets with a tungsten alloy rod at different velocities, with the corresponding experimental measurements of Ref. [2] . Reaugh et al. investigated experimentally the impact of a tungsten alloy rod into six types of ceramic, each backed by a 4340 thick steel plate. Foe each type of ceramic, they determined the residual penetration depth into thick steel plate at each impact velocity. The input data to the computer program for each type of ceramic are listed in Table 4 .
Initially, the flow stress of each ceramic type is represented by its static compressive strength. The predicted penetration depths are generally greater than the corresponding experimental values of Ref. [2] . The method used by Woodward [7] to determine the flow stress of ceramic is used herein. Therefore, the matching of predicted penetration depths of the present model with the corresponding experimental measurements of Reaugh et al. for each type of ceramic determines the global value of its flow stress. This value is considered to be constant with the thickness of each ceramic type.
By comparing the flow stress of each ceramic type with its Hougniot Elastic limit (HEL), it is found that the flow stress Y,", can be represented by:
The predicted residual penetration depths into thick steel plate backed each type of ceramic at different impact velocities and the corresponding experimental measurements of Reaugh et al. are listed in Table 5 . Moreover, the predicted total penetration depths into ceramic/metal targets, ballistic efficiencies of ceramic tiles, the corresponding measured values of Ref. [2] , and their absolute relative differences, respectively, are listed in the same table. The maximum absolute relative difference between the predicted total penetration depth and the corresponding experimental measurement of Ref. [2] is found to be 11.2% when the rod impacts a 7.8 mm-thick T,B2 ceramic tile backed by a 4340 thick steel plate at V, = 1800 m/s. In addition, The maximum absolute relative difference between the calculated ballistic efficiency based on the predicted and measured residual penetration depths, respectively, is found to be 14.4% when the rod impacts a 22.1 mm-thick ADB5 ceramic backed by a 4340 thick steel plate at Vi = 1350 m/s.
The present model is also used to predict the limit thickness for each ceramic type at which no penetration to the thick back plate occurs; this thickness is denoted by Fic . A linear regression fit of the residual penetration depth as a function of thickness for each ceramic type at each average impact velocity is done. This fit is extrapolated to determine the value of Fi c . The linear regression equation used is:
where A and B are constants. The same procedures are applied on the experimental measurements of Reaugh et al. For each type of ceramic, Table 4 . Input data of ceramic properties to computer program [2, 4] .
(ii) Predictions Figure 3 plots the predicted ballistic efficiency of each ceramic type with thickness of 10 mm at different impact velocities. For each impact velocity, it is seen from the figure that the ballistic efficiency increases with the flow stress of ceramic except for B4C type. The B4C ceramic has a higher efficiency than that of SIC type; however its flow stress is lower than that of SiC ceramic type. This may be attributed to the density of B4C ceramic that is lower than that of the SIC type. Moreover, the ballistic efficiency of each ceramic type increases with impact velocity. This is due to increase of the difference of (Zsi -Z.) with impact velocity, cf. Eqn. (21). Therefore, each ceramic type exerts its highest resistance to penetration at the highest impact velocity considered. Figure 4 shows the predicted change of ballistic efficiency for different thicknesses of AD85 ceramic with impact velocity. For each thickness, the ballistic efficiency of AD85 ceramic increases with impact velocity. For V, > 1800 m/s. This ballistic efficiency begins to decrease for the highest thicknesses of AD85 ceramic with increasing impact velocity. This may be due to decrease of the difference of (Zsi -Z.) with increasing impact velocity. The ceramic tile with highest thickness cannot withstand he rod penetration, which results in more penetration depth into thick steel back plate at the highest impact velocity considered. Moreover, the ballistic efficiency of 10 mm-thick AD85 ceramic is greater than that of the other thicknesses over the impact velocity range of 1300-1800 m/s. Therefore, it is recommend to use the 10 mm-thick AD85 ceramic to face the thick steel plate at this particular range of impact velocity. Figure 5 plots similar trends for the predicted change of ballistic efficiency of Ti B2 ceramic, with different thicknesses, with impact velocity as that of AD85 ceramic. Figure 6 plots the predicted change of ballistic efficiency of 20 mm-thick AD85 and Ti B2 ceramic types, respectively, with impact velocity. It is seen from the figure that the ballistic efficiency of Ti B2 ceramic is always greater than that of AD85 ceramic over the impact velocity range of 1200 to 2000 m/s. This is due to the high flow stress of Ti B2 ceramic, which decreases the rod capability to penetrate deeper into thick steel back plate, compared to its penetration into AD85 ceramic at each impact velocity. However, the ballistic efficiency of AD85 ceramic is greater than that of Ti B2 ceramic at the smallest impact velocity. This is because the rod is not capable of penetrating both AD85 and Ti 82 ceramic tiles, respectively, at this velocity and the ballistic efficiency in this case is indirectty proportional to the density of ceramic material. Figure 7 shows the predicted change of ballistic efficiency of AD96 ceramic with different thicknesses at different impact velocities, respectively. The present figure shows that the ballistic efficiency always decreases with increasing ceramic thickness. Moreover, the change of ballistic efficiency with ceramic thickness at V1 = 1200 m/s has a different trend. This is due to the change of penetration phase for Hu= 30 mm at the end of its penetration process. Moreover, Figure 8 plots the predicted change of the ballistic efficiency of Al N ceramic with different thicknesses at different impact velocities, respectively. Similar trends for the change of ballistic efficiency with ceramic thickness at different impact velocities are obtained. This is because no change of penetration phases representing the complete penetration process for each ceramic thickness at different impact velocities has taken place. Figure 9 plots the change of ballistic efficiency with thicknesses of AD96 and Al N ceramics, respectively, at VI = 1600 m/s. This figure shows that the ballistic efficiency of Al N ceramic is generally greater than that of AD96 ceramic over the considered thicknesses. The high flow stress of Al N ceramic does not allow the rod to penetrate deeper into thick steel back plate compared with its penetration into AD96 ceramic. The present model predicts that the ballistic efficiency of 10 mm-thick Al N ceramic is greater than that of AD96 ceramic with the same thickness by 50.4%. However, the efficiency of 40 mm-thick Al N ceramic is greater than that of the corresponding AD96 ceramic thickness by 12.6%. Figure 10 plots the predicted residual penetration depth into a thick steel plate backing AD96 ceramic tile of different thicknesses at different impact velocities, respectively. It is seen form the figure that the residual penetration depth decreases with increasing the ceramic thickness at each impact velocity. In addition, the slope of Zresfrico is constant for each considered impact velocity. This means that the ratio of Z,./Fico is independent of impact velocity and ceramic thickness. This result is similar to that obtained by Rosenberg et al. [10] for the alumina class of ceramic. However, this slope is not constant for SiC ceramic at each impact velocity considered, as shown in Fig. 11 . Figure 12 shows the predicted change of limit ceramic thickness for each ceramic type at different impact velocities, respectively. It is seen from the figure that the limit thickness of each ceramic type increases with impact velocity. Moreover, the limit thickness of each ceramic type decreases with increasing flow stress of ceramic except for B 4C ceramic at V; 1200 m/s. This is due to the difficulty of penetration high strength ceramic. In addition, the high value of limit thickness of B4 C ceramic compared with that of AD96 at each impact velocity is questionable.
In general, the residual penetration depth into a thick steel plate backing a ceramic tile increases with impact velocity. The value of this penetration depth is essentially based on the flow stress of a ceramic material. Moreover, this depth decreases with increasing thickness of ceramic tile at the same impact velocity. The percent of mass saving for a ceramic/metal target compared with a metallic target only is dependent on thickness of ceramic tile, residual penetration depth in metallic back plate, penetration depth in thick metallic plate only, and the densities of ceramic and metallic plate materials, respectively, cf. Eqn. (23). Figure 15 shows the predicted change of limit areal density with impact velocity for the different types of ceramic. For each impact velocity, the limit areal density for each ceramic type is calculated by multiplying the limit thickness of a ceramic type at this velocity into its density. It is seen from the figure that both the Ti B2 and B4 C ceramic types have the minimum areal densities at the considered impact velocity range. Moreover, Figure 16 predicts that both types of ceramic have the highest limit ballistic efficiency compared with the other ceramic types.
Therefore, it is recommend to use the Ti B2 and B4 C ceramic types for constructing the bilayered lightweight targets.
CONCLUSIONS
• The present analytical model has good predictive capabilities when the flow stress of thick metallic plate is dependent on its degree of deformation rate and that of ceramic is taken as (0.64 ± 0.016) HEL.
• The ballistic efficiency of ceramic types increases with its flow stress and impact velocity except for B4 C ceramic type; this may be due to the density of such a ceramic, which is low in comparison with the other types of ceramic.
• The slope of Zr,Jlico for alumina ceramic is constant and independent of impact velocity and ceramic thickness. However, different slopes of Z r es/Hco are obtained for other types of ceramic. 
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